Abstract. Comparative HV-microhardness and TEM studies of Ti-50.0at%Ni and 50.26at%Ni alloys subjected to cold-rolling (e=0.3, 1 and 1.72) and post-deformation annealing at 100-700°C (1 hour) are presented. Based on the TEM-measured grain size data for Ti-50.0at%Ni alloy as a function of an annealing temperature (T PDA ) higher than 250 o C, it was possible to evaluate the grain size (d) of the near-equiatomic Ti-Ni alloys at T PDA <250 o C, using exponential extrapolation distribution of the d-T PDA data. It was shown that below a critical grain size (d c = 10 nm), the smaller the grain size (as a result of the decrease in annealing temperature), the lower the microhardness. This softening phenomena can be described, with good correlation between the approximation and experimental data, by the normal-abnormal Hall-Petch transition caused by the influence of the intercrystalline regions and by the melting temperature grain-size dependence.
Introduction
Binary near-equiatomic Ti-Ni alloys demonstrate the best combination of shape memory, corrosion, wear and fatigue resistance properties among all of the known shape memory alloys (SMA). Recently, it was found that thermomechanical processing consisting of severe plastic deformation (SPD) and post-deformation annealing (PDA) allows creation of a nanocrystalline structure in Ti-Ni SMA, which results in a significant improvement of their functional properties [1] [2] [3] . In a series of works, the stability of the amorphous/nanocrystalline structure formed by severe cold rolling (CR) was studied during room-temperature aging [4] , and a peculiar dome-shape that nanocrystalline metallic alloys do not follow the classical Hall-Petch behaviour and that below a certain grain size, softening instead of hardening is observed [5, 6] . In this work, in the efforts to compare these phenomena, the microhardness of Ti-50.26%Ni samples subjected to severe CR and annealing to form nanocrystalline, submicrocrystalline and recrystallized austenite structures was measured and analysis of the experimental data was performed using two generic models to describe the abnormal Hall-Petch behaviour of the nanocrystalline materials: model of the intercrystalline regions and model of the melting temperature grain-size dependence [7] [8] [9] .
Experimental obesrvations
A Ti-50.26at%Ni alloy wire ( 1 mm) was subjected to CR with logarithmic thickness reduction of e = 0.3, 1 and 1.72. Microhardness (Vickers) measurements were performed using the INSTRON Wilson Tukon 2100 (500 g) on CR and annealed (100-700°C, 1 hour) samples (Fig. 1a) . It can be observed that for moderately coldworked alloy (e = 0.3), an increase in annealing temperature leads to a continuous material softening, whereas for severely CR alloys (e = 1 and 1.72), an increase in annealing temperature up to 250-300°C leads to a significant microhardness increase, followed by its drastic decrease, when these temperatures are exceeded.
For comparison, the DSC-measured transformation heat flow on the same samples is plotted as a function of the annealing temperature (Fig. 1b) . It can be observed that for severely cold-worked samples (e = 1 and 1.72), that up to annealing at 250°C, the higher the annealing temperature, the higher the exothermic heat flow. When annealing temperature exceeds 325 negative (endothermic), while being always decreasing and endothermic for moderately CR samples. The phenomena of the initial increase in heat flow can be explained by a strongly heterogeneous structure of the cold-rolled and annealed samples [1] with different start temperatures and progression rates of two coinciding transformations: a) crystallization of the amorphous phase and b) growth of the existing nanocrystals. Furthermore, it was shown [10] that in severely CR alloys with mixed amorphous-nanocrystalline structure, the dominant processes during annealing at relatively low temperatures are nucleation (i.e., nanocrystallization of amorphous phase) and grain growth, whereas in moderately CR-alloys, these are stress relaxation and recovery followed by polygonization. Which is why, for severely CR alloys (e = 1 and 1.72), after annealing at temperatures below 325°C, exothermic heat flow related to nucleation and grain growth phenomena is observed in the temperature range from 345 to 380°C, whereas after annealing at higher temperatures (and at any temperature, for moderately CR alloys, e=0.3), endothermic heat flow due to reverse martensitic transformation is measured in the temperature range from 80 to 175°C.
Based on this analysis, it seems that both the HV(T PDA PDA ) behaviour are related to the same changes in the material microstructure and these changes can be attributed to the grain size variations. Evidently, the mechanical properties of metallic alloys are structure sensitive and depend therefore on all of the structural parameters, such as grain and subgrain size, phases in presence, structural defects, precipitates, impurities, etc. Grain size alone thus cannot be considered as the only parameter governing the mechanical properties of metallic alloys, and this is especially true for Ti-Ni shape memory alloys undergoing thermoelastic martensitic phase transformations. In this work, however, the main emphasis will be on the grain size as a major structural parameter. It is known that SPD of binary Ti-Ni alloys by means of severe cold rolling (e = 1.9) leads to the formation of a mixed (approximately 70/30) nanocrystalline and amorphous structure: 2-8 nm (average grain size 5 nm) B2-austenite nanograins are dispersed in the amorphous matrix [11] . In Fig.2a , the HV(T PDA ) plot obtained for Ti-50.26at%Ni (e = 1.72, same as in Fig.1a) is superposed on the d(T PDA ) plot for Ti-50.0at%Ni (e = 1.9) and a combined HV(d) graph is plotted in Fig.2b . Note that the grain size measurements were performed by TEM at T PDA >250°C [11] . Since the structure of the severely cold-worked alloy is a mixed nanocrystalline and amorphous structure, it is reasonable to suppose that the size of a representative structural parameter varies in the triangular grey-shaded zone shown on Fig. 2a 
Hall-petch relationship

Introduction
An increase in strain resistance (yield stress, hardness) of crystals with decreasing grain size d is commonly described by the empirical Hall-Petch relationship:
where
is the yield stress of the defect-free single crystal, and
is the positive material constant (Hall-Petch slope) dependent on the grain boundaries resistance to dislocation movement. The normal H-P relationship is generally explained on the basis of a dislocation pile-up at grain boundaries. However, below a critical grain size (around 10 nm for metals), no dislocation activity is observed and plastic deformation occurs mostly by grain boundary sliding [5, 6, 8, 9, 12] with increasing influence of: (a) interface regions mobility [8, 9, 13, 14] and (b) melting temperature decrease [15] [16] [17] [18] , both resulting in material softening if grains become sufficiently small.
Interface regions: Palumbo et al. [14] have shown that for grain sizes below 30 nm, the triple junction volume fraction manifests a greater grain size dependence than the grain boundary volume fraction, and for grain sizes under 3 nm, the fraction of triple junctions become greater than that of grain boundaries. The authors explain the softening effect caused by the interface regions by their structure-atomic spacing, which deviate from the equilibrium state of the regular lattice [13] . That is why the grain boundaries and triple junctions are usually assumed as an amorphous structure [8, 9] .
Melting temperature: another peculiarity of nanocrystalline materials is the widely observed grain-size dependence of the melting temperature (T m ) [15] [16] [17] [18] . The main theoretical basis of the melting temperature decrease with significant grain refinement is based on the size-dependent amplitude of atomic thermal vibrations in terms of the Lindemann criterion on melting (at melting temperature, the expansible vibration amplitude in all metals is the same, which results in material softening [19] ).
In this work, these two phenomena influencing deformation mechanisms of NC materials will be modeled for binary Ti-Ni alloys and the numerical results compared with the experimental data.
Model of material softening based on the influence of interface regions
Generalities
Based on the results of [8, 9] , an NC material is assumed to be a composite material consisting of crystallite, grain boundary surface, triple line junction, and quadratic node. The grain shape is approximated by a regular rectangle (d) with grain boundary width (w). The three-dimensional grain model is illustrated in Fig. 3a . The grain component volume is calculated as follows (Fig. 3b) :
(grain boundary surface), . Based on [19] [20] [21] , the grain boundary thickness for the coarse- Based on the facts that the Hall-Petch relationship is valid for crystalline regions and that contribution to hardness of the intercrystalline regions is proportional to their fractions, and that the critical grain size ( 
To describe the material softening of nanocrystalline materials, the grain-size dependence of the material melting temperature (T m ) is considered [15] [16] [17] [18] . Following Jiang et al [7] , when d<100 nm, 
